THz and submillimeter gas phase spectroscopy appears as the perfect tool for analytical chemical analysis due an exceptional degree of resolution. Despite many attractive applications such as breath analysis, environmental surveillance, food spoilage monitoring, or detection of explosive taggants, there is no commercially available versatile THz or submillimeter chemical analyzer. An important factor hindering the development of a THz chemical analyzer are the difficulties encountered to adapt ultrasensitive techniques, such as Cavity-Enhanced Techniques and Cavity Ring Down Spectroscopy to the THz and submillimeter domain. Here, we describe a low-cost high finesse THz resonator based on a low loss oversized corrugated waveguide along with high reflective photonic mirrors, and how those critical components enable a Fabry-Perot THz Absorption Spectrometer obtaining a kilometer equivalent interaction length. In addition, the intracavity optical power have allowed nonlinear interactions such as Lamb-Dip effect to be studied with a low-power emitter.
Introduction
The rotational spectra of polar molecules were soon recognised to provide an exceptional degree of molecular discrimination for chemical analyses [1] [2] [3] . The Doppler linewidths of pure rotational spectral signatures give rise to very sharp lines yielding the unrivalled degree of selectivity which may be employed for the quantitative analysis of complex mixtures. This is the case for the THz spectral region where the most intense pure rotational spectra of small and medium-sized molecules are typically found. Numerous applications such as, breath analysis [4] , environmental surveillance [5, 6] , food spoilage monitoring [7] , or detection of explosive taggants [8] , should be feasible if sufficient instrument sensitivity and spectral resolution can be obtained. Despite numerous advances observed at THz frequencies including THz Quantum Cascade Lasers [9] [10] [11] , solid-state electronic devices [12] , photonic conversions [13] , detectors [14, 15] , this spectral region remains hindered by its immature technology compared to the neighbouring microwave and infrared domains. At present, there is no versatile tool for THz or sub-millimetre chemical analysis, the development of such an instrument has without doubt been held up by the limited achievable sensitivity. A single pass measurement cell is typically limited to interaction lengths of several meters. Multiple pass cells provide higher sensitivities but are limited by a significant attenuation and generally require large volumes to reach distances typically not exceeding one hundred meters [16, 17] . A superior approach would be to adapt the ultrasensitive techniques developed in the InfraRed domain, such as Cavity-Enhanced Absorption Spectroscopy (CEAS) and Cavity Ring Down Spectroscopy (CRDS) to the THz and submillimetre domain. Up to now the construction of a high finesse Fabry Pérot (FP) cavity is the principal obstacle preventing this approach from succeeding. Here, we show a low-cost high finesse THz cavity and how it can be exploited to create a high spectral resolution Fabry-Perot THz Absorption Spectrometer (FP-TAS) with a kilometer equivalent interaction length working at room temperature without regulation.
THz Cavity
Cavity based techniques used at microwave frequencies [18, 19] (<300 GHz) and in the Infrared [20, 21] (>10 THz) have never been successfully developed in the submillimetre and THz domains, the result being that this frequency region continues to be described as the so called "frequency gap". Some attempts confined to the lower frequencies, around 250 and 300 GHz yielded a limited finesse below 400 [22, 23] . Unlike in the infrared band, the absence of highly reflective spherical dielectric mirrors to confine the THz radiation in a stable cavity is a real obstacle. All losses, such as diffraction that can be significant at long wavelength, attenuation, and limited reflection mirrors have hampered the development of a high finesse FP THz cavities. The global scheme of the Fabry-Perot THz Absorption Spectrometer (FP-TAS), is shown on figure 1; our innovative high finesse FP cavity is made with an extremely low loss oversized corrugated waveguide designed to work around 600 GHz, along with high reflectivity 1D photonic mirrors. The waveguide is intended for high power millimeter-wave applications such plasma heating experiments that cannot tolerate anything more than a low level of losses. Such a structure is achieved when its radius is larger than wavelength, with a depth corresponding to quarter of the targeted wavelength [24] [25] [26] . The 1D-photonic mirrors are the second key element of this FP-TAS, constructed from a series of 4 high resistive silicon wafers (>8kOhm.cm) selected for their negligible absorption. The wafers were separated by 3 spacers, the thicknesses of the wafers and spacers were optimized to have a maximum reflectivity band around 620 GHz (see section 3). Fig. 1 . Fabry-Perot THz cavity system overview with three operational modes. The emitter is an amplified multiplier chain driven by a microwave synthesizer referenced to a GPS time signal. A TPX lens L1 (f=25 mm) is used to couple the free space THz emission to the corrugated waveguide CW. Two 1-D photonic mirrors PM1 and PM2 close the cavity, one at each end of the corrugated waveguide. Each photonic mirror is mounted on a piezo actuator PA1 and PA2 enabling fine tuning of the cavity length. A second TPX lens L2 (f=25 mm) collects the THz emission at the cavity output and focuses it on a Zero Bias Schottky Detector Diode (ZBD WR1.5). The corrugated waveguide is 48 cm long, with internal diameters of 20.54 mm. The internal corrugations have a pitch of p = 166 µm, while the groves are w = 83 µm wide and d=125 µm deep. Time mode, the cavity output is amplified and recorded by a standard oscilloscope while the source is extinguished giving direct access to the cavity ring-down time tR. Frequency mode, the THz source frequency is scanned and the cavity response measured using a lock-in detection and amplitude modulation of the source. The cavity mode linewidths (FWHM) and Free Spectral Range (FSR) are directly obtained in the frequency domain. Fabry-Perot THz Absorption Spectrometer (FP-TAS) mode, the THz source is frequency modulated and the cavity output measured by lock-in detection. The first harmonic (1xf) is used as an error signal, a cavity mode is locked to the frequency of the THz source a Proportional, Integrator, Derivative (PID) control loop that feeds a High Voltage (HV) power supply. The second harmonic (2xf) provides an ultrasensitive molecular signal as the source frequency and cavity scan together. The entire cavity assembly is placed in a pressure-controlled gas cell equipped with Teflon windows.
A free space TEM00 Gaussian beam with around 50 µW of power is coupled to the lowest order hybrid electric mode (HE11) of the circular oversized corrugated waveguide and collected at the output of the waveguide by means of two TPX lenses (f=25 mm). This fundamental mode presents the lowest losses and must be used in such an application. Ideally, the free space TEM00 mode can be couple to the HE11 mode with an efficiency of 98 %, and conversely this latter is projected almost entirely onto a free space Gaussian mode at the exit of the waveguide [27] . The linearly polarized HE11 is also well suited to the Zero Bias Schottky diode detector located in a rectangular waveguide and coupled to a horn antenna. We are also very mindful not to introduce any sources of mode conversion which may be caused by misalignments, any supplemental losses rapidly deteriorate the properties of the FP cavity.
Several related figures of merit such as finesse F, quality factor Q or the ring-down time τR may be employed to characterize the cavity performance. They all give access to the total cavity losses including the mirror reflectivity and waveguide losses. The traceable high frequency electronic source referenced onto a GPS signal, provides a stable frequency that can be easily controlled which facilitates the cavity characterization. Although it is not generally the case for laser-based experiments, when using an electronic source, the finesse and the photon life time can be measured with the same setup without any additional complexity [28, 29] . Once enough THz power has been injected into the FP cavity at a resonance frequency, the emitter is rapidly switched off, the exponential decay is recorded and the ring down time τR obtained. As shown in figure 2a, it has been evaluated at 1.571 +/-0.004 µsec for a resonance centered at 636.6 GHz without any gas in the cavity (residual pressure is less than 1 µbar). Alternatively, by measuring the transmitted power of the FP cavity as function of frequency, a succession of maxima is observed (Figure 2.b . This cavity by far outperforms all previous attempts in this frequency band, and so unlocks new possibilities in the "THz frequency gap". The relation between ∆ , used to calculate the finesse F, and ring-down time τR defined by τR=1/2pDn is readily verified, enabling straightforward measurement in either the frequency or temporal domains. This is generally not the case for laser-based measurements due to the metrology required to control the laser emission frequency at the kHz level. The cavity finesse F expressed in terms of the mirror reflectivity, and waveguide losses is given by:
R is the reflectivity of 1D photonics mirrors, a the waveguide losses by unit length, and L the length of the FP cavity.
Experimentally the average finesse achieved is 3200, corresponding to total losses of • +,.. = 0,99902. It remains difficult to accurately separate the contributions from R and a, both of which may limit maximum achievable Finesse. Comparison of the cavities using 2 different waveguide lengths would be the best approach. However, the manufacturing difficulties to produce identical waveguides 2 or 3 times longer could not be overcome. Nevertheless, by calculating the reflectivity of mirrors (see section 3) by including absorption of Silicon we may evaluate R and a . Even though the high resistivity silicon is one of the most transparent materials in the THz domain, its weak absorption cannot be ignored in the present application. Significant discrepancies are present in the available literature for this parameter. The losses of the Silicon wafer used to implement the 1-D photonics mirrors will be considered to be less than 0.02 cm -1 as proposed in Ref. [30] . This value corresponds to a calculated maximum reflectivity of 99.95% yielding a finesse of 6000 with zero waveguide losses. Based on this hypothesis, the Finesse is predominantly limited by the waveguide losses are estimated to be around 0.004 dB/m or 10 -5 cm -1
. Similar experiments by using same 1D photonics mirrors and a 18 cm long corrugated waveguide with an internal diameter of 12.7 mm designed for the same central frequency yields a Finesse of 2500, giving a loss of 0.017dB/m or 4.2x10 -5 cm -1 . The losses are some four times greater for the smaller diameter waveguide, and is in good agreement with the fact that the attenuation scales inversely with the cube of the wavgeuide radius 24 . The accuracy of these estimations is directly dependent on the uncertainty of the silicon losses. If the silicon is more transparent than 0.02 cm -1 the waveguide losses have been underestimated, or conversely if the silicon is less transparent the waveguide losses are overestimated.
THz Mirrors
Low loss, ultrahigh reflectance homemade mirrors have been designed and fabricated by a periodically layering of quarterwave optical thicknesses of silicon and vacuum in the usual Bragg configuration. These multilayers structures have already been investigated by other groups but never used in a context of high-resolution THz spectroscopy and also associated to common difficulties to measure accurately the reflectivity [31] [32] [33] [34] . Four double side polished high resistivity silicon wafers (r > 8kOhm.cm) separated by three vacuum spacers form the supermirrors. Silicon is one of lowest losses materials in THz with a constant refraction index of 3.4175 over a relatively large bandwidth that optimized the index contrast and thus reflectivity. Spacers are made by silicon wafers with a hole of 21 mm diameter in it, superior to internal diameter of the corrugated waveguide. The supermirror design is based on a matrix method to target a maximum of reflectivity, estimated around 99.95 %, around 620 GHz including an absorption of 0.02 cm -1 for silicon wafers. To relax manufacturing processes and reduce the cost, thicknesses of high resistive silicon wafer and vacuum spacers are 185 µm and 375 µm respectively with tolerance of ± 5 µm. Such 1D photonic mirrors require very high resistive silicon material and can be easily and cheaply designed for other target frequencies due to the sub-mm dimensions.
Fabry-Perot THz Absorption Spectrometer
An important difference with the IR region is the Doppler limited linewidth, which frequency is much narrower at THz frequencies. A feedback control loop was used to correct the cavity resonant frequency to match the frequency of the source. This maintains the maximum transmission of the FP cavity and allows the mode to be tuned with the frequency of the source across the molecular line profile to be scanned. The correction signal is applied to a piezo-mechanic actuator changing the distance between the mirrors. The source is frequency modulated and the detected signal processed by a lock-in amplifier giving access to its different harmonics. The first harmonic is used as a signal discriminator to drive a Proportional Integrator Derivative (PID) regulator and a high voltage supply that controls the position of 1D photonics mirrors and thus the cavity length. The second harmonic of the detected signal indicates the presence of absorbing compounds. When a molecular absorption is introduced in the cavity, both the finesse and peak transmitted intensity are decreased. The second harmonic signal is very sensitive in this case as both effects will contribute to a reduction of the measured signal. Carbonyl sulfide (OCS) was selected to assess the performance and potential of the FP-TAS for high resolution spectroscopy. Our prototype proved to be too sensitive to measure absorption of the principal isotopologue, we focused our attention on the isotopologue 18 O 13 C 32 S with a natural abundance of 21 ppm. The molecular signal is clearly visible in fig. 3 ) at 300 K taking into account its natural abundance. The signal to noise ratio of molecular signal here is estimated to be greater than 60. Such an absorption reduced also the ring down time of 0.1 µsec at the maximum of the absorption. The equivalent interaction length Leq=(2*F*L)/p, is estimated at around one kilometer in the present demonstration. Such an enhancement of sensitivity is required to clearly detect this target absorption line without using cryogenically cooled detector and with only » 50 µW of power. One of the most successful applications of THz rotational spectroscopy remains the study of terrestrial, planetary or cometary atmospheres and the interstellar medium. New astronomical telescopes such as Hershel Space Observatory, Stratospheric Observatory for Infrared Astronomy (Sofia) and Atacama Large Millimetre Array (Alma) have been deployed. Such facilities allow unprecedented possibilities for submillimetre and THz wave observations, they require very accurate frequency lines transitions to ensure an efficient identification [35] . The exact knowledge of molecular parameters is also very important, especially for the validation and calibration of theoretical models. Sub-Doppler spectral resolution techniques such as saturated absorption spectroscopy or Lamb-dip effect, are valuable approaches to greatly improve the accuracy with which the centre frequencies of rotational absorption lines can be measured. Such an approach is routinely employed in the millimetre wave range and generally requires extremely powerfull sources, cryogenic detectors, particularly long measurements times, and strong molecular absorption lines. The high finesse FP cavity ensures a high intracavity power enabling the simple observation of the Lamb-dip effect around 626 GHz, even for relatively weak rotational absorption lines of minor isotopologues, as illustrated in Figure 4 . [36] highlighting the need of accuracy data. Depending on the available signal to noise ratio, an absolute frequency accuracy between 1 and 5 kHz can be easily obtained by use of this FP-TAS. The width of the observed lamb dip effect is of the same order compared to the cavity mode linewidth. While the performance of THz components such as sources, detectors and mixers have improved over the last 20 years, highresolution THz investigations are still hampered by the lack of ultra-sensitive techniques compared to other spectral domains. Our FP-TAS with an km interaction length provides a straightforward ultra-sensitive solution that can be easily replicated, it represents a critical step to the application of THz waves for the chemical analysis for medical, industrial and environmental fields. This first prototype works at room temperature (without temperature stabilization), uses standard commercially available emitters and detectors, it can be easily adapted to various other spectral bands. Presently, the tunability of the spectrometer is limited by properties of the 1D-photonic mirrors, which cover an estimated range from 600 to 650 GHz. The coverage of a single mirror may be increased by using broadband components such as wire grid polarizers that are able to work over a wide range with a slight reduction of sensitivity. It also provides the opportunity to characterize highly reflective mirrors and/or very low losses waveguides which are otherwise particularly difficult to measure. We are also confident that the use of very low noise cryogenic detectors, in the context of fundamental laboratory investigation, should further greatly improve the demonstrated sensitivity. This unique and versatile THz spectrometer combines high selectivity, and perfect frequency control, so simultaneously benefits from the advantages of Cavity Ring-Down Spectroscopy and Cavity Enhanced Absorption Spectroscopy to fit with detector time constant. The THz FP cavity now enables alternative ultrasensitive approaches like NoiseImmune Cavity-Enhanced Optical-Heterodyne Molecular Spectroscopy (NICE-OHMS) to be pursued, or cavity-enhanced frequency comb Fourier transform spectroscopy and then would help to close the terahertz technology gap between microwave electronics and infrared photonics [37, 38] .
